We report on measurements of light scattering from two two-inch super-polished fused silica substrates before and after applying (ATFilms) ion-beam sputtered highlyreflective dielectric coatings. We used an imaging scatterometer, that illuminates the sample with a linearly polarized 1064 nm wavelength laser at a fixed angle of incidence and records images of back scatter for azimuthal angles in the plane of the laser beam, to measure the Bidirectional Reflectance Distribution Function (BRDF) and estimate the total integrated scatter for both samples, before and after coating. We find application of these highly reflective coatings leads to an increase of the integrated scatter of the primary surface by more than 50%. In addition, the BRDF function of the coated optics takes on a pattern of maxima and zeroes versus azimuthal angle that is qualitatively consistent with bulk scattering from the coating layers. These results are part of a broader study to understand optical loss in quantum noise filter cavities for interferometric gravitational-wave detectors. For the Advanced LIGO detector, which is envisioning 16 m cavities, the measured level of scattering loss of 5.00 ± .30 ppm and 3.38 ± .20 ppm to wide angles, is acceptable, though reducing the loss further would improve LIGO's quantum-noise limited performance.
Introduction
Optical filter cavities, formed by two or more highly reflective mirrors, provide frequency, amplitude, polarization, and mode geometry filtering and power buildup of resonating light fields. Such cavities have many useful applications, some being atomic clocks [1] , optical frequency combs [2] , holographic noise meters [3] , and interferometric gravitational-wave detectors [4, 5, 6, 7] .
Without the implementation of squeezed light [8] , gravitational-wave detectors would eventually be quantum noise limited across a broad band, with radiation pressure dominating at lower frequencies and shot noise at higher frequencies [9] . Squeezed light has recently been implemented, without filter cavities, in gravitational-wave detectors, improving their shot-noise-limited sensitivity [10, 11] . Filter cavities provide a means of rotating the squeezing ellipse, as a function of frequency, to match the phase behavior of the detector and thereby to achieve a broadband reduction of quantum noise [12] . Research is underway to design and test filter cavities that will provide the correct phase behavior to accomplish this, without significantly degrading the squeezed states [13, 14] . To achieve the optical filtering properties and noise performance required by advanced gravitational-wave detectors, such as the Advanced Laser Interferometer Gravitationalwave Observatory (Advanced LIGO) [15] , these cavities must have long baselines, be isolated from seismic motion, and have very low optical loss, in particular, low scatter.
Super-polished substrates with ion-beam-sputtered dilectric coatings of alternating layers of high and low index of refraction amorphous materials are the state-of-the art for low-loss optics [16, 17, 18] . Using such optics, filter cavities with very low loss, 5 ppm per mirror, have been achieved [19] . However, even these small levels of loss are enough to significantly degrade the quantum-noise reduction achievable using squeezed light especially when combined with other sources of technical noise and optical loss [14] .
It is not well known how the total scatter from such optics is distributed between surface microroughness, near-surface impurities and features, or scatter from coatings. To better estimate the scattering contributions of the coatings in quantum-noise filter cavities, we compared the light scattering properties of optics before and after the application of highly reflective ion beam sputtered coatings. The measured samples were two 2 in diameter optics, very similar (same coating run, but substrates from different vendors) to those used for the filter cavity loss tests at MIT reported in Reference [19] .
Samples
The two substrates investigated here were custom manufactured by Photon LaserOptik GmbH, with serial numbers E1200644-01 (Sample 1) and E1200644-02 (Sample 2). Both were 2 in diameter 0.5 in thick plano-concave fused silica, each with one -1 m radius of curvature surface superpolished to rms < 1Å and one plano surface characterized by scratch dig 10-5. The plano surfaces of both mirrors, therefore, had larger surface roughness because they were not as highly polished, as will be evident in the data below. For the first set of measurements described below, both optics were uncoated.
Prior to the second set of measurements, highly-reflective ion-beam sputtered coatings, formed by 40-60 layers of λ/3 and λ/5 stacks of SiO 2 and Ta 2 O 5 (exact design proprietary), were deposited on top of the curved surfaces, and anti-reflection coatings on the plano surfaces, by the coating manufacturer Advanced Thin Films. After coating, the transmissivity of Sample 1 and Sample 2 were measured to be 192 ± 1.3 ppm and 1.55 ± .14 ppm, respectively [19] .
Each sample is marked on its barrel with its serial number and an arrow pointing toward the curved surface. Care was taken to orient the samples such that the arrow pointed toward the laser beam, however, the rotation of the samples about their optical axis was not consistent between measurements. Both the sample and laser optics are mounted on a rotation stage. The CCD camera images scattered light from the sample at discrete azimuthal scattering angles from 0 to 90 degrees in the plane of the laser beam. During measurements, the beam blocks are attached to the rails mounted on the rotation stage to form traps for the specular reflected and transmitted beams.
Setup
The imaging scatterometer used to characterize the light scattering behavior of the two samples before and after coating is described in references [20, 21] , and shown in Figure 1 .
This setup uses horizontal linearly polarized 1064 nm wavelength light from a (Innolight Mephisto INN401) ND:YAG laser source. The laser is coupled into a fiber beam splitter with 90% going toward the setup and 10% used for power monitoring. The light emerging from the 90% fiber further passes through a reflective collimator, which prepares an output beam diameter of roughly 8 mm, a horizontal polarizer to further improve its linear polarization, and an iris that truncates the beam that is incident on the sample to a width of 3.9 ± 0.1 mm. The incident power ranged from roughly 50 to 80 mW for the four different trials (two samples, each coated and uncoated) discussed below, and had a power stability of ±1 mW over typical measurement times in each individual trial.
For these measurements, the beam was somewhat non-uniform (as can be seen in the images in Figure 2 ) due to poor centering through the iris ‡. Finally, to reduce stray light, reflected and transmitted beams from the sample surface are dumped using traps made from shade 10 welder's black glass mounted to the rails extending from the rotation stage.
For measurements, the incident beam is held at a fixed 4
• angle with respect to the normal direction of the optic. A (f = 200 mm) converging lens and a second iris (along with an aluminum tube with a band-pass optical filter at its entrance to reduce room light) are used to image a roughly 1.5 x 1.5 in region of the sample on to a 1024 x 1024 pixel (Apogee Alta U6) CCD-camera. The fiber launch and sample are mounted on a rotation stage and turn in small fixed (1 degree) increments, stopping at each for the camera to take an image from that viewing angle. The automation is controlled by a LabView program and measurements are made in a clean room environment with no humans present.
Once the images have been collected over the desired range of angles, a MatLab script is used to subtract the dark images, sum the pixels in the region of interest, and multiply by a calibration factor determined in a separate set of measurements on a scattering standard, following the procedure in reference [20] . The primary output of this is the standard bidirectional reflectance distribution function [22] that quantifies the amount of scattered light.
where P i is the incident power on the sample, P s is the scattered light power measured by the detector, which subtends by a solid angle Ω and is viewing from at a discrete scattering angle, θ s , in the plane of the laser beam.
For these images, even after subtracting dark images, a strong linear dependence of the BRDF on the area enclosed by the region of interest chosen suggested that there was a significant constant background of light in the images. To account for this, BRDF was calculated for a series of regions of interest in each image (the smallest of which are those ‡ We have since purchased a beam analyzer to ensure uniform Gaussian beam properties before measurements. shown in Figure 2 ), each centered on the same area, but progressively larger (though not going past the sample's surface in the images). The data, BRDF versus area enclosed by the regions of interest, were then fit with a line, whose slope indicated the background light level and whose y-intercept represented the true underlying BRDF, i.e., the light scattered from the incident beam at the sample, which should be a constant, not varying with enclosed area for regions of interest that fully enclose the beam.
Measurements
Images of the illuminated samples were taken by the scatterometer for scattering angles from 0
• ≤ θ s ≤ 90
• . However, in the analysis angles smaller than 11
• are excluded because the CCD camera's view of the optic is partially obstructed and some stray light from the specular reflection contaminates the images. Similarly, angles larger than 77
• are excluded because for these angles, the view of the sample's surface is very compressed, making it difficult to distinguish scatter from the surface from that from the unpolished barrel of the optic and the sample holder. The exposure times of the images were chosen to be as long as possible (for better signal-to-noise) without CCD saturation in the regions of interest. Consequently exposure times varied from 15 to 65 seconds. Dark images, with the laser turned off, but the sample and rotation stage at the same values as for the scattering images, were taken and subtracted from the scattering images to reduce ambient light and CCD noise. Figure 2 shows images of the scattered light from the coated and uncoated samples at θ s = 63 o . For the uncoated samples, bright scattering is observed from the plano surfaces (left spot in the images) because they have standard, rather than super-polished surfaces. Much fainter scatter is also visible from the curved surfaces (right spot for uncoated samples), showing a combination of speckle/glow characteristic of surface microroughness, and bright points characteristic of point defects and contaminants §. The plano surfaces were not of interest in this study, but they did complicate the analysis by overwhelming scatter from the curved surfaces for small θ s . In order to better separate the contribution of the front, curved surfaces, two different regions of interest were defined for the uncoated samples. To attempt to separate the scattered light contribution of the front/curved surface from the total scatter (front surface, back surface, and bulk scattering), two separate regions of interest, 'front' and 'all', were defined as above for each image of the uncoated optics. Because these regions overlap at small angles, scatter from the front/curved surface could only be entirely isolated for large angles (θ s > 50
• , responsible for the separation between 'front' and 'all' curves seen in Figure 3) . Figure 3 shows the BRDF values measured for the two samples. The BRDF for the uncoated samples are relatively featureless, dominated by the surface roughness of the plano surfaces for angles below about 45
• . At higher angles, where the spot on the front/curved surfaces no longer spatially overlaps with scatter from the back/plano surface, the BRDF is quite low, in the 10 −7 -10 −8 str −1 range. Based on this, it seems likely that the BRDF of the front/curved surfaces should be several times lower than the curves shown at smaller angles.
Both coated samples have a significantly higher BRDF curve than the uncoated samples, except in narrow dips, where the coated BRDF nearly reaches the uncoated BRDF. In addition, the BRDF curves for the coated sample show a strong pattern of maxima and minima (resembling humps and zeroes) with the zeroes at roughly 48
• and 63
• for Sample 1 and 44
• , 52
• , and 63
• for Sample 2. This is seen in the images (and videos) as a modulated brightness of the speckle-glow pattern on the curved mirror surface. This behavior is likely due to bulk scatter originating in the coating materials, combined with interference in the coating layers [23] .
Following Stover [22] and the procedure in reference [21] , total scatter was estimated by integrating the BRDF values in Figure 3 times cos(θ), over the measured azimuthal angle ranges and all polar angles (assuming independence on polar angle). The results are shown in Table 1 . These values indicate that the application of highly reflective coatings on the curved surfaces lead to an increase in scatter by more than 52% and 77% (since the uncoated data is tainted by scatter from the rough back/plano surfaces).
Discussion and conclusion
We estimate scattering losses of 5.00±.30 ppm and 3.38±.20 ppm for the highly-reflective coatings on Samples 1 and 2, respectively, over azimuthal angles of roughly 12
• − 76
• , corresponding to a solid angle around 1.5π str. For state-of-the art superpolished optics, the wide angle range measured most often contributes the majority of the scatter losses (caused by small-scale roughness, point defects, particulates, and impurities). In a separate measurement of the optical loss of very similar optics in long time storage cavities, the total round-trip loss was estimated to be 6-18 ppm [19] Figure 2 , before and after coating. These were calculated by integrating the cosinecorrected BRDF values over the azimuthal angles measured and assuming independence on polar angle. Also shown is the percentage increase in the IS after coating, compared to the pre-coating IS for the front/curved surface. these results. While this level of optical loss is considered low enough for the filter cavity currently being designed for Advanced LIGO [13] , reducing scattering losses could significantly improve LIGO's performance [14] . The qualitative behavior (humps and zeroes) of the BRDF results presented here indicate that bulk scattering of the coating materials could be the dominant source of scatter. This further suggests that improved scatter losses might be achieved with higher purity or uniformity in the dielectric coating materials. It is also worth noting that these scatter losses are somewhat higher than previously reported losses from highly reflective mirrors [24, 20] and from anti-reflection coatings [21] (which are the lowest scatter measured with this setup) produced by other manufacturers.
